Abstract: This paper presents a numerical investigation of the ballistic performance of monolithic, double-and triple-layered metallic plates made of either steel or aluminium or a combination of these materials, impacted by a 7.62-mm APM2 projectile in the velocity range of 775-950 m/s. Numerical models were developed using the explicit finite element code LS-DYNA. It was found that monolithic plates have a better ballistic performance than that of multi-layered plates made of the same material. This effect diminishes with impact velocity. It was also found that doublelayered plates with a thin front plate of aluminium and thick back steel plate exhibit greater resistance than multi-layered steel plates with similar areal density. These predictions indicate multi-layered targets using different metallic materials should be investigated for improved ballistic performance and weight-savings. 
INTRODUCTION
3 Numerical simulations to predict the performance of multi-layered plates have been used by several authors. Borvik et al. [7] used Lagrangian LS-DYNA simulations to model the impact of a 7.62-mm APM2 projectile on double-layered steel targets assuming axisymmetric conditions. They reported that good agreement between simulations and experiments was observed. Dey et al. [2] also used axisymmetric Langrangian simulations in LS-DYNA to predict the behaviour of doublelayered Weldox 700E plates impacted by an ogival projectile. They reported that good agreement was observed between numerical simulations and experimental results. Borvik et al. [11] reported impact simulations of an ogival projectile on Al 7075-T651 monolithic plate using both axisymmetric and solid formulations. They found that both methods gave an overestimation of 30% of the ballistic limit, which was explained by the fact that the numerical simulations were not able to fully capture the brittle fracture behaviour of the target and the extensive fragmentation observed experimentally; however, fractures modes in the simulation were similar to those observed in the experiments. These studies show that numerical simulations can be used as a reliable tool to understand the ballistic behaviour of multi-layered plates.
As aforementioned, there are some studies dealing with the modelling of impact on doublelayered plates; however, numerical predictions of the ballistic performance of multi-layered plates made with layers of different materials have not been studied in detail. In this paper, this problem is addressed by presenting numerical simulations dealing with the ballistic performance of monolithic and multi-layered targets made with either steel or aluminium or a combination of these materials impacted by a 7.62-mm APM2 projectile in the velocity range of 775-950 m/s using the explicit finite element code LS-DYNA [15] . An extensive and systematic parametric study is performed, as an equivalent experimental study would be very costly. The problem description and validation of the numerical models are described in Section 2. Numerical results are presented and discussed in Section 3 followed by conclusions.
PROBLEM DESCRIPTION AND MODEL VALIDATION 2.1 Problem description
The purpose of the present study is to investigate the effect of multi-layered armour plates with different configurations, thicknesses and material properties on the ballistic performance of the structure. A 7.62-mm APM2 projectile, the geometry of which is shown in Fig. 1 , was used with initial impact velocities in the range of 775-950 m/s. Initial velocities were chosen according to NATO STANAG 4569 ballistic protection level 3 (93020 m/s) [16] ; however, lower initial impact velocities were also used to obtain the ballistic limit of the targets. Two materials were used for the target plates: Weldox 700E and Al 7075-T651.
Numerical simulations were carried out using the LS-DYNA finite element (FE) code [15] . The problem was considered to be symmetric, such that a half-model could be constructed to save computational expense, as shown in Fig. 1 . The problem may be further simplified by assuming axisymmetry; however, a 3-D half-model would capture some realistic physical characteristics of the impact (e.g. bullet rotation) not considered in an axisymmetric model, without compromising computational resources. The mesh comprised 8-node brick elements with reduced integration and stiffness-based hourglass control with exact volume integration. The element size in the impact region was 0.33×0.33×0.33 mm 3 . It was demonstrated in previous work [17] that numerical simulations of the penetration resistance of double-layered steel plates impacted by a 7.62-mm APM2 projectile using this element size (0.33×0.33×0.33 mm 3 ) can produce good results. A limited mesh sensitivity analysis is also presented in Section 2.2. Contact between the different parts of the model was modelled using an eroding single surface segment-based formulation [15] . No gap between layered plates was considered, and only contact as described before was defined between plates. Figure 1 Finite element mesh of a 7.62-mm APM2 projectile impacting a metallic target.
The 7.62-mm APM2 projectile was modelled as three independent parts: Brass jacket, steel core, and lead filler (Fig. 1) . The geometrical details of the 7.62-mm APM2 projectile are shown in Fig. 1 . The total number of elements of the projectile was 48216.
The target was modelled as a 100-mm diameter circular plate. The impact region was considered to be a 30-mm diameter cylindrical-shaped zone at the centre of the plate (Fig. 1) . Outside the impact region, the mesh coarsens radially towards the edge of the plate, while keeping same element thickness in the impact direction. The target plates were fully clamped at the edge boundaries. The total number of elements for a 12-mm thick plate was 318240. The number of elements increased up to 530400 for a 40-mm thick plate. The target configurations used in this study are shown in Table 1 . Eight different total thicknesses T (12, 14, 16, 18, 20, 30 , 36 and 40 mm) were considered to cover the range between the thinner target (12 mm for Weldox 700E) and thicker target (40 mm for Al 7075-T651) found in literature to validate the model. Five different configurations: monolithic, double-layered, triple-layered, double-layered mixed and triple-layered mixed were considered. Initial impact velocities in the range of 775-950 m/s were used in the simulations, giving the 97 different cases that are summarized in Table 1 . The letters used in the target codes ( Both projectile and targets were modelled using a modified version of the well-known Johnson-Cook constitutive material model implemented in LS-DYNA (Material model 107) [15, [18] [19] . This phenomenological model is expressed as [18] ,
where  eq is the equivalent stress,  eq is the equivalent plastic strain, A, B, n, C and m are materials constants and
is the dimensionless strain rate where eq  and 0  are the strain rate and a user-defined strain rate, respectively. The homologous temperature is given as ) /( ) (
, where T is the absolute temperature, T r is the room temperature and T m is the melting temperature. The temperature increment due to adiabatic heating is calculated as,
where  is the material density, C P is the specific heat and  is the Taylor-Quinney coefficient that gives the proportion of work converted into heat [7] .
The Cockcroft-Latham fracture criterion [20] which is implemented in Material model 107, was used to model failure. This criterion is expressed as,
where W is the plastic work per unit volume and W cr is critical value of W which can be determined from uniaxial tensile test,  1 is the major principal stress,  1 = 1 when  1 0 and  1 =0 when 1 0.
Additionally, an element deletion criterion when the temperature of the element is equal to 90% of the melting temperature (Table 2 ) was used [7] . The modified Johnson-Cook material model has successfully been used to model impact on steel [2, 7, [21] [22] and aluminium targets [11, [23] [24] [25] .
Material model parameters used in the simulations are shown in Table 2 [7, 11].
Validation of the numerical model
Numerical models were validated against available experimental data of Weldox 700E and Al 7075-T651. Experimental results of the ballistic impact of 1x12 mm, 2x6 mm and 2x6 mm+30 mm air plates of Weldox 700E [7] , and 1x20 mm and 2x20mm plates of Al 7075-T651 [12] are compared with numerical simulations in Fig. 2 . The solid lines represent fits to the data of the Retch-Ipson model used to predict the residual velocity V r [26] ,
1/P (4) where a and P are empirical constants used to best fit the data and V bl is the ballistic limit. deformation of the projectile is negligible [7] . It was observed experimentally that the perforation process of Weldox 700E and Al 7075-T651 plates does not involve any significant plugging when penetrated by 7.62-mm APM2 projectiles [7, 12] ; therefore, a=1 and only P was fitted to the data. Fitted values of Recht-Ipson constants used in Eq. (4) are shown in Fig. 2 ; for the experimental data, these values were taken from [7, 12] . The ballistic limit was also obtained numerically by .
. . . . .
7 fitting of the Retch-Ipson model (Eq. (4)) to the numerical results using at least six data points. The method of least squares was used to obtain the best fit of P and V bl [28] ; these values are shown in Fig. 2 . It is noted that although P was fitted to both the experimental and numerical data, the values of P are very close to the value given in the analytical solution (P=2). Good agreement between experiment and simulation is observed. For Weldox 700E conservative results are obtained with approximately 4% overestimation of the ballistic limit. For Al 7075-T651 a slight underestimation of 1.2% is observed for 2x20 mm plates. For 1x20 mm Al 7075-T651 plate, conservative results are obtained with an overestimation of approximately 11% of the ballistic limit. These over and underestimations may attributed to the anisotropy and thickness dependency of the mechanical properties of Al 7075-T651 [10] [11] , which were not considered; however, the difference between predictions and experimental results are acceptable considering the complexity of the problem and the limitations of the constitutive relation and fracture criterion. (a)
(b) Figure 3 shows a series of model results depicting the penetration process of 2x6 mm double-layered Weldox 700E steel plates impacted by a 7.62-mm APM2 projectile with an initial impact velocity of 679 m/s. It can be seen that some of the physical behaviour observed during the penetration process of high strength steel targets [7] are well captured in the numerical simulation, such as stripping of the brass jacket and lead filler, dent on the side of the impact, and erosion and yawing of the bullet. Figure 3(f) shows the plates after all the projectile components have been removed to show the dent caused by the brass jacket. Figure 4 shows the predicted perforation process of 2x20 mm Al 7075-T651 plates impacted by a 7.62-mm APM2 projectile at 934 m/s. It can be observed that some of the physical characteristics observed experimentally in the penetration process of Al 7075-T651 plates by Forrestal et al. [12] are reproduced by the numerical model. For example, a complete stripping of brass jacket and lead cap from the steel core of the projectile is captured. The brittle failure reported in [12] was partially captured in the numerical simulations (spalling and fragmentation were observed in the target back face).
A limited mesh sensitivity analysis was carried out. Monolithic (1x12mm) and doublelayered (2x6mm) Weldox 700E configurations and monolithic (1x20mm) Al 7075-T651 plate were impacted by a 7.62-mm APM2 projectile at 800 m/s. Three different element sizes were used in the impact region: 0.25×0.25×0. Figure 5 shows the projectile residual velocity predicted using different numbers of through-thickness elements. It can be seen that for Al 7075-T651 there is no significant difference in the predicted residual velocity between the intermediate mesh and the fine mesh (less than 0.6%), which agrees with the results reported by Borvik et al. [10] . For Weldox 700E, the differences between the results from the intermediate and fine meshes are 2.6 and 3.9% for the monolithic plate and double-layered plates, respectively. While using a fine mesh may increase model accuracy, an intermediate mesh (0.33×0.33×0.33 mm 3 ) is used in this work to increase computational efficiency due to the limitation of computational resources. Figure 6 (a) shows the residual velocity V r versus areal density for two initial impact velocities (800 and 950 m/s) and various multi-layered configurations of Weldox 700E steel plates (Table 1) . Areal density  A represents the mass per unit area of a multi-layered configuration of n plates and is defined as, M20W  M18W  M16W  M14W  M12W  D20W  D18W  D16W  D14W  D12W  T20W  T18W  T16W  T14W M36A  M30A  M20A  M12A  D40A  D36A  D30A  D20A  D12A  T40A  T36A  T30A  T20A  T12A Residual velocity (m/s)
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Effect of multi-layered configuration
where  i and h i are the density and thickness of the i th -plate, respectively. Figure 6 (a) shows that V r decreases with the increase of  A as expected due to the increase of energy absorption capability in thicker targets. For V i = 950 m/s, although the target performance decreases with an increase of the number of layers, the difference between monolithic and multilayered plates is not significant. For V i =800 m/s however this effect is more pronounced, which has also been observed by Almohandes et al. [5] who found that the difference in effectiveness between monolithic and multi-layered steel plates seems to diminish with impact velocity. (Table 1) and V i =800 and 950 m/s. As expected, V r decreases with the increase of  A due to the increase of target thickness. It can also be seen that the residual velocity of double-and triplelayered plates is similar to that of the monolithic plate when  A <60 kg/m 2 . However, for  A >80 kg/m 2 , the ballistic resistance of the monolithic plate is higher than that of multi-layered plates. This effect is more pronounced for V i =800 m/s and total thicknesses of 36 and 40 mm. It is possible that this effect is due to an over-prediction of the monolithic plate stiffness; however, experimental data may be necessary to validate the accuracy of the predictions when  A >80 kg/m 2 . Figure 7 shows perforation and interaction of plates of M12W, D12W, T12W, M16W, D16W, T16W, M12A, D12A, T12A, M20A, D20A and T20A configurations at t=0.07 ms, and initial velocities of V i =800 and 950 m/s. It can be seen that monolithic plates exhibit greater bending resistance than double-and triple-layered configurations, while double-layered plates exhibit greater bending resistance than triple-layered plates. It can be seen in Fig. 6 that the ballistic performance of Al 7075-T651 is superior than that of Weldox 700E when compared for similar areal density, which is in agreement with reported experimental data [7, 12] . For example, for monolithic Weldox 700E plate at V i 800 m/s and  A 94 kg/m 2 (12 mm thickness), the residual velocity is V r 400 m/s (Fig. 5(a) ), while for monolithic Al 7075-T651 plate at V i 800 m/s and  A =81 kg/m 2 (30 mm thickness), the residual velocity is V r 230 m/s (Fig. 5(b) ). However, when the ballistic performances are compared for similar thicknesses, Weldox 700E configurations perform better. Al 7075-T651 plates should be at least twice thicker than Weldox 700E plates to exhibit greater ballistic resistance, which could be a limiting factor for design purposes. The indication that Al 7075-T651 exhibits better ballistic resistance than Weldox 700E for similar areal density raises an interesting question as to whether a multi-layered target made with a combination of steel and aluminium alloy may have a greater resistance than that of targets made only with steel of similar areal density. This question is addressed in the next Section by investigating multi-layered mixed targets with thickness equal to or less than 20 mm.
Effect of multi-layered mixed configuration
The effects of multi-layered mixed configurations on the ballistic performance were studied using double-layered mixed and triple-layered mixed plates with  A =122.7 kg/m 2 , made with a combination of Weldox 700E and Al 7075-T651. An initial impact velocity of 810 m/s was first used to observe the effectiveness of the targets, expressed by the residual velocity (Fig. 8) . Results for steel plates (M16W, D16W, T16W, see Table 1 ) with similar areal density ( A =125.7 kg/m 2 ) are also shown in Fig. 8 for comparison. It can be seen that the double-layered mixed configuration DM20AW has the best performance while triple-layered steel plates T16W has the poorest performance. To assess the performance of the different configurations, further numerical simulations were carried out for a wider range of velocities (775-950 m/s) for DM20AW, DM20WA, TM20AWW, M16W, D16W and T16W configurations (Fig. 9) . The solid lines represent fits to the numerical data of the Retch-Ipson model (Eq. (4)) using at least six data points. The method of least squares was used to obtain the best fit of P and V bl [28] ; these values are shown in Table 3 . Residual velocity (m/s) Figure 9 Residual velocity versus initial velocity for various multi-layered mixed and Weldox 700E configurations. It can be seen in Fig. 9 that the trend of ballistic performances observed in Fig. 8 is observed for all impact velocities. Monolithic M16W and double-layered D16W show a similar ballistic resistance, which is in agreement with experimental results [7] .
Figures 10 shows projectile velocity versus time for DM20AW, DM20WA, T16W, TM20AWW, D16W and M16W plates when impacted with an initial velocity of 820 m/s. Perforation of plates at t=0.04 and 0.07 ms is also depicted. It can be seen that the mechanisms involved in the penetration process are different for each case and they define the difference in the ballistic performance. At t=0.04 ms, V400 m/s for DM20AW and M16W, V450 m/s for DM20AW, T16W and D16W; and V500 m/s for TM20AWW. This variation is explained by the fact that there is a reduction of bending stiffness in T16W and TM20AWW, and less resistance to penetration in DM20AW and TM20AWW because the first layer (Al 7075-T651) has a lower strength than Weldox 700E. This effect can be observed in the reduction of the stripping of the brass jacket in DM20AW and TM20AWW when compared with the other configurations (Fig. 10 at  t=0.04 ms) . At t=0.07 ms, T16W plates exhibit the lowest performance when compared to DM20AW and DM20WA (Fig. 10a) , which could be attributed to the greater bending resistance of the other two configurations. It can be seen in Fig. 10b that M16W exhibits better performance than D16W and TM20AWW while the performance of D16W and TM20AWW is similar (Fig. 9) . It is noticeable that the performance of DM20AW becomes greater than that of DM20WA at approximately t=0.06 ms (Fig. 10a) . This performance can be explained by the fact that the Al 7075-T651 back plate of the DM20WA configuration fails by brittle fracture. Borvik et al. [11] reported this type of failure in 20 mm thick Al 7075-T651 plates when impacted by ogival projectiles. Brittle failure contrasts with the ductile failure of the steel back plate of DM20AW. It is believed that the front Al 7075-T651 plate of DM20AW does not fail by brittle fracture due to the backing support of the steel back plate. This behaviour is further illustrated in Fig. 11 , where permanent deformation profiles for target configurations in Fig. 10 are shown. It can be seen in Fig. 11a and 11b that the back plate of DM20AW (Al 7075-T651) exhibits larger permanent deformation than the back plate of DM20AW. It can also be seen in Fig. 11 when comparing M16W, D16W and T16W that the permanent deformation increases with an increase in the number of layers.
SUMMARY AND CONCLUSIONS
A numerical investigation of the ballistic performance of monolithic and multi-layered targets made with either Weldox 700E steel or Al 7075-T651 or a combination of these materials against 7.62-mm APM2 projectiles was conducted, for the velocity range of 775-950 m/s and various target thicknesses. A corresponding experimental study would be prohibitively expensive and difficult. Numerical simulations demonstrated the capability of the model to predict the ballistic behaviour of Weldox 700E and Al 7075-T651, and reproduced many of the physical characteristics of the penetration process observed experimentally. The numerical model developed in this research could be used for the design of experimental testing by reducing the number of necessary tests and minimising necessary resources; however, it should be considered that the results obtained in this study are based on numerical simulations, and experimental validation should be performed.
For Weldox 700E, it was observed that monolithic plates perform better than triple-layered plates, which is more noticeable for an impact velocity of 800 m/s. The difference in performance between monolithic and double-layered plates was not significant. For Al 7075-T651, the difference in performance between monolithic and multi-layered plates is not significant for thicknesses less than 20 mm, while for thickness greater than 30 mm there is a large difference in performance. Further investigation (both experimental and numerical) should be performed to assess the validity of the numerical model for Al 7075-T651 at thicknesses greater than 30 mm.
Numerical and experimental results show that Al 7075-T651 has a better ballistic performance than Weldox 700E when compared for similar areal density; however, Al 7075-T651 plates have to be at least twice thicker than Weldox 700E plates to exhibit this superior performance, which could be limiting for design purposes. Multi-layered configurations made with a combination of steel and aluminium and a maximum thickness of 20 mm were also investigated. It was found that a double-layered mixed configuration with a front Al 7075-T651 plate and a Weldox 700E steel back plate (DM20AW) performs better than any other configuration with similar areal density. This finding shows that an armour shield made of two different materials may potentially perform better than the equivalent steel plate. However, the results in this study are limited and further research has to be carried out to fully understand this type of target configuration since there are few studies addressing this research topic [3] .
It is concluded that multi-layered mixed plates made with a combination of high strength aluminium alloys and steels are an interesting option for protective structures because they may potentially lead to weight-savings and improvement of the ballistic performance of the structure.
